This work presents an integral approach to tackle energy issues in bipedal robots. It introduces three combined ideas to increase these robots' autonomy: First, the exploitation of the inherent equilibrium that should exist in the rest position of a welldesigned mechanism; then, the efficient usage of the energy to walk based on the natural limit cycle of the system; and finally, the harvest of energy based on the new idea of regenerative walking. Simulations and experimental tests show promising results of this approach, built under a delicate equilibrium between appropriate control scheme, suitable mechanical design and proper actuators choice.
Introduction and Motivation
Bipedal walking robots have been a subject of research for almost forty years. The applications have varied from robots for entertainment to knowledge for the restoration of damaged human locomotion. Legged locomotion has significant advantages over wheeled locomotion, such as improved dexterity and mobility over rough or unstructured terrain. On the other hand, bipedal walking robots are highly unstable, nonlinear, and depend on large numbers of parameters.
Until recently, state-of-the-art humanoid robots, such as Honda ASIMO [1] and HRP [2] , haven't taken the benefit of the fluent gait inherent for humans and animals. Instead, the traditional approach has been to control each joint angle to achieve desired posture in the terms of Centre of Mass or Zero Moment Point (ZMP) [2] . These paradigms require plenty of energy to perform and a much better result in terms of energy efficiency can be achieved by imitating human gait as in the Limit Cycle Walking (LCW) [3] . The idea of LCW is to correctly choose the size and mass of the limbs in such a way that with the proper initial joint angles and angular velocities the legs will eventually cycle back to the same initial conditions. The cycle can then start again from the beginning resulting in a smooth human-like gait. The energy lost by the friction and inelastic collisions at knees and heels is usually replaced by the potential energy of a shallow slope. Using the previous concept the next generation of biped robots are limit cycle walkers which includes actuators in one or more joints enabling locomotion also on a level terrain and up-hill [3] . Nonetheless, so far the few LCW bipedal robots that have actually been implemented in hardware can only perform simple control manoeuvres with limitations in turning or adjusting of the walking speed, making those poor in versatility for robotic use.
Motivated by the previous challenge, the focus in our project is the research on low consumption and high mobility biped service robot. To achieve that, we believe that a combine strategy where the saving (in static idle state) and harvesting (on downward walking) of the energy as well as suitable choice of actuators and control techniques could significantly improve the efficiency of the emergent biped robot assistants (Fig. 1c) .
Energy Issues in Biped Robots
There are three basic principles [4] on how to save energy in a walking machine: by minimizing dissipative losses (e.g. inefficiency of power transmission), by minimizing the diversion of energy into unproductive forms (e.g. kinetic energy of limbs), and by recovering energy whenever possible. We can consider the main operational states of bipedal robots as Walking and Standing. Both of these states have an energy efficient sub-state, called Limit Cycle Walking (LCW) and Idle State Stability (ISS), respectively (Fig. 2) . These sub-states will be discussed in this section in detail.
Idle State Stability
The ISS is a concept that has been missing in biped construction until now. It is basically a rethought of the geometrical design in the mechanical structure that enables easy and efficient control (torque control) of the biped in the critical equilibrium point or standing. This is very important since the duty cycle in the robotic usage can be very low making the energy saving in this stage significant. In our robot, the ISS is maintained with zero energy expenditure from the actuators [5] , and under disturbance the robot will recover back to the ISS. 3a shows the idle state stability simulated and Fig. 3b shows the experimental results in our prototype. To our knowledge, no biped robots until now have presented this characteristic and instead have been mostly concentrating in produce LCW [3] . Moreover, usually performance tables do not show complete information about their consumption and duty cycles. Consequently, it is mostly mistakenly assumed that robots like ASIMO and HRP have been tested under continuous walking operation. Therefore the performance indexes should be standardized to make the energy usage of different biped robots comparable. Due to the previous lack of information we suggest the use of the parameters presented in Table 1 which shows all the necessary values to evaluate the performance of a robot. In Table 1 , two different control strategies were used in our simulator with different parameters for the robot leading to different natural Limit Cycles (LC) and energy consumptions. Detail explanations on those results are presented the next section and in [6] .
As common practice in this type of robots, the specific cost of transport is also used here and is defined by where is the energy used, is the overall mass of the robot, is the gravity acceleration constant and is the distance travelled. Since most robots also use energy in other tasks apart from inputting the torques into the joints to move the legs, this mechanical energy used for locomotion is separated from the total energy used. The mechanical cost of transportation is marked as and the overall energy consumption is consider in . Here we redefine to be obtained by using the sole energy inputted into the system by the gravity when the biped is performing passive LCW. This is the minimum theoretical mechanical energy needed to perform LCW, and since real prototypes usually cannot produce passive LCW we use the closest LCW model of the real robot [7] shown in Fig. 1a . Thus , where , and , represent the total Kinetic plus Potential energy respectively in the beginning and in the end of walking down a slope. Because of that, all the bipeds that have the same mechanical parameters (for the closest LCW model) will have the same theoretical . The instead, includes the total energy input into the robot to perform level ground walking under a specified control strategy and the same Limit Cycle as the previous factor. This definition covers the total energy usage of the overall system, including the friction, electrical circuits, controller inefficiency, etc. Ideally, it should be calculated experimentally in a biped performing the specified walking. However the results in this paper are obtained from a simulator that neglects the energy loss by the friction and other dissipative losses in the electronics.
To complete the previous information, the factor Electromechanical Efficiency ( ) is used, which in our case corresponds to the electromechanical transformation factor of the actuators' configuration expressing the efficiency of the conversion from electrical energy to mechanical energy (from Electrical Power to Mechanical Power in the joint requested by the controller). This factor then is useful to compare the efficiency of different compliant actuators been used to produce LCW, like hydraulic, pneumatic, serial elastic actuators, and our own Linear Motors (LM).
Also, the speed of travelling affects highly the energy consumption. Therefore the specific cost of transport has to be measured at the same normalized speeds or make that difference notice. Here the speed is normalized by using the Froude number where is the velocity of the robot and is the length of the robot's legs. Finally, for an easy evaluation on energy consumption with different duty cycles we use the Average Power Consumption during Walking ( ), that indicates the mean total energy the system consumes under LCW. Similar to the previous factor, the Standing state present two indices, Average Power Consumption of Actuators during ISS that shows the average power used only by the actuators, and Total Average Power Consumption during ISS where the total energy consumption of the system is taken into account. 
Limit Cycle Walking
Essential to perform an efficient LCW is the compliance of the actuators. Until now mainly rotational motors have been used to drive the robot's joints; however, their gearbox reduction, needed in this case to reach the desired peak torques, does not allow the natural unconstrained movement of the swinging leg. Because of that much energy is wasted in the continuous position control of the leg. On [5] we propose the use of permanently actuated synchronous servo Linear Motors to efficiently address LCW. They do not have gear boxes and for that reason nothing breaks the natural swinging movement of the leg. Also, LM can easily enable torque control because of its direct force/current relation, and thus the overuse of position control can be avoided. However, they are subjected to some mechanical friction, permanent magnetic field and back-emf. In addition to the actuator dependence, the LC is also highly sensitive to the design parameters of the robot. To avoid foot scuffing and to obtain the ideal slope angle for the LC, the link masses and lengths of the robot has to be chosen carefully.
Since almost no real robots are able to perform passive LCW, we propose the use of model based control with a reference model that is close enough to the existing robot but is able to produce passive LCW. Table 1 shows the result for two different control strategies under three different parameter sets presented in Table 2 . The control strategies are Computed Torque Control (CTC) and Passivity Based Control (PBC) [6] . Parameter sets Set1, Set2, Set3 and Set4 correspond to alternative configurations of the motors placement in Fig1b [7] . In the CTC, the controller tries to follow the trajectory of the reference model. Therefore the reference model should be close to the set of parameters of the real robot, but at the same time it should also have a good foot clearance. As the LC for the parameters Set1 and Set2 does not look natural and results in poor foot clearance, a modified set, Set4, is used as a reference for them (CTC1 and CTC2 in Table 1 ). CTC3 used Set3 for the real robot and reference model parameters. For the PBC simulation results in PCB1, PCB2 and PCB3 used Set1, Set2 and Set3 respectively, both for the real robot and reference model parameters.
It can be observed that CTC1 uses almost three times more energy than PCB1 for the same real robot parameters given in Set1. However it must be noticed that CTC1 is using a different LC as reference, which result in a more natural looking gait, with better foot clearance. That is almost the same case as for CTC2 and PCB2 where the difference in energy consumption is about two and half times higher for the CTC2 but with higher walking speed and better foot clearance. An interesting change in results happens in CTC3 and PCB3, where both used Set3 for the real robot and the reference model parameters. Here CTC performs better than PBC, having better results in both speed and energy consumption.
The previous results indicates that the best suitable control in LCW may not be one in particular, but otherwise depends of the parameters of the robot and the target performance. In addition, PBC cannot be applied directly since it needs to know the slope value in advance.
Regenerative Walking
The study on recovering energy during walking have mainly center in restoring the dissipated energy of the heel impact. That approach, though quite promising, still focuses on just saving energy and not harvesting it to recharge the batteries.
Here we propose the recovering of energy under downward walking using PBC to set the biped's limit cycle to match a smaller slope angle than what is actually used. For this task, it is of central importance to use LMs since, with a four quadrant driver these motors can be used as generators while still maintaining their compliance. In that sense, LM is more efficient than other linear compliant actuators used in LCW robots like hydraulic cylinders and pneumatic muscles. Fig. 4 shows simulation results of regenerative walking.
Here we have simulated the real robot with the same parameters as in Set4, and put it to walk in a slope instead of the natural LC slope ( ). It can be observed from Fig.4a that negative mechanical energy is generated at some time in each joint, the ankle joint being the one that contributes most. Fig. 4b shows the differences of potential, kinetic and total energy between the real robot and the reference model, where the bottom plot shows the mechanical energy harvested.
There are some problems related to the real implementation of this technique, since extracting energy from motors cause resistive force and thus the compliance is not complete, this generates some additional resistance to the motion, magnitude of which must be limited and small enough to allow existence of LC. In addition, the LC for a real size robot may not be available on small slopes, as it can be observed from Table 2 , and for that we need high inclinations to achieve a significant recharging rate. Also, it must be noticed that stability and postural control should be maintained while walking and the compensation of those may reduce the actual amount of energy being recovered. However, in that sense also any movement in balance control that may require negative energy could be used to harvest energy under regenerative braking. Finally, as previously mention the use of PC in LCW is dependent to the prior knowledge of the slope angle and for that some prediction should be made or sensible sensor should be used. 
Discussion and Future Work
In this work, three concepts for energy saving in humanoids were presented with the intent to increase bipeds' autonomy and make them more suitable for real world applications. All of them showed promising results in simulation and in the case of ISS it was also corroborated in experimental trials.
ISS shows that a correct geometrical design in the mechanical structure is vital for an easy control and a higher toleration for disturbances in the standing position. Further equilibrium policies in ISS, like combined ankle-hip strategies and taking a step, will be included in an energy efficient fashion. In LCW, it is shown that to avoid foot scuffing the best way is to consider design with higher weight in the upper limbs, and for that reason the ankle design should be as light as possible and one option is a combination between passive springs and small and light rotational motors. Experimental demonstrations are still needed for regenerative walking and also other ideas may be incorporated in this set, like addressing heel impact energy recovering and extending the basis of attraction on LCW based on parameters design.
